Background: Atopic dermatitis (AD) is one of the most common inflammatory cutaneous diseases. Thymic stromal lymphopoietin (TSLP) has been demonstrated to be an important immunologic factor in the pathogenesis of AD. The production of TSLP can be induced by a high level of intracellular calcium concentration and activation of the receptor-interacting protein 2/caspase-1/NF-κB pathway. Andrographolide (ANDRO), a natural bicyclic diterpenoid lactone, has been found to exert anti-inflammatory effects in gastrointestinal inflammatory disorders through suppressing the NF-κB pathway. Objective: To explore the effect of ANDRO on the production of TSLP in human mast cells and AD mice model. Methods: We utilized enzyme-linked immunosorbent assay, real-time reverse transcription polymerase chain reaction analysis, Western blot analysis, and immunofluorescence staining assay to investigate the effects of ANDRO on AD. Results: ANDRO ameliorated the increase in the intracellular calcium, protein, and messenger RNA levels of TSLP induced by phorbol myristate acetate/calcium ionophore A23187, through the blocking of the receptor-interacting protein 2/caspase-1/NF-κB pathway in human mast cell line 1 cells. ANDRO, via oral or local administration, also attenuated clinical symptoms in 2,4-dinitrofluorobenzene-induced AD mice model and suppressed the levels of TSLP in lesional skin. Conclusion: Taken together, ANDRO may be a potential therapeutic agent for AD through suppressing the expression of TSLP.
Introduction
Atopic dermatitis (AD) is one of the most common inflammatory cutaneous diseases, characterized by chronic and relapsing eczematous skin inflammation. 1 The pathophysiological mechanism of AD is not fully understood; however, increasingly literature has indicated that this disease is mediated by interactions between various cells and molecular mediators. [2] [3] [4] Thymic stromal lymphopoietin (TSLP) was found to be an important immunologic factor in the pathogenesis of AD via enhancing the maturation of myeloid dendritic cells, which promoted the differentiation of naïve CD4 + T cells into inflammatory Th2 cells. 5 Acute and chronic AD patients had an enhanced expression of TSLP in skin lesions. 6 Previous studies reported that mast cells were 
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li et al activated and infiltrated in the skin lesions of AD, suggesting the important role of mast cells in the pathogenesis of AD. 7, 8 TSLP was proven to be expressed at higher levels in activated mast cells and triggered allergic inflammation. 9 Caspase-1 is the best characterized inflammatory caspase. 10 Quite unlike the role that most caspases play in apoptosis, caspase-1 is responsible for activating the inactivate precursor of interleukin (IL)-1β, which is vital for inflammation. 11 Receptorinteracting protein 2 (Rip2) is a caspase recruitment domaincontaining kinase and interacts with caspase-1, thus activating the NF-κB signaling pathway, which has been identified to promote the transcription of TSLP gene in mast cells. 12, 13 Andrographolide (ANDRO), a natural bicyclic diterpenoid lactone, has been extracted and purified as the principal bioactive chemical ingredient from the herb Andrographis paniculata.
14 ANDRO is known to have various effects, such as antitumor, 15 anti-inflammatory, 16 and antidiabetic effects, 17 both in vitro and in vivo. In addition, ANDRO has been demonstrated to improve the efficacy of conventional therapy in the treatment of severe hand, foot, and mouth disease. 18 However, the effect of ANDRO on AD remains to be explored. Therefore, we studied the effects of ANDRO on phorbol myristate acetate/calcium ionophore A23187 (PMACI)-stimulated human mast cell line 1 (HMC-1 cells) in vitro and 2,4-dinitrofluorobenzene (DNFB)-induced ADlike lesional skin of mice in vivo.
Materials and methods

hMc-1 cell culture
HMC-1 cells (Cell Bank of the Chinese Academy of Science, Shanghai, People's Republic of China) were cultured in Iscove's Modified Dulbecco's Medium (Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal calf serum (FBS, HyClone) as well as 100 U/mL penicillin and 100 μg/mL streptomycin (Thermo Fisher Scientific). Cells were maintained in a humidified incubator at 37°C in the presence of 5% CO 2 .
Fluorescent measurements of the intracellular calcium level
The intracellular calcium level was determined as described previously. 19 Briefly, the HMC-1 cells (1×10 5 ) were incubated in a culture medium containing Fura-2/AM (SigmaAldrich Co., St Louis, MO, USA) for 30 minutes. Then the cells were washed twice with a calcium free medium containing 0.5 mM ethylene glycol tetraacetic acid (EGTA) (Sigma-Aldrich Co.). After being placed into a 96-well plate, the cells were pretreated with ANDRO (Sigma-Aldrich Co.) of various concentrations (5, 25, 50 μM) or 1,2-Bis(2-amino-5-methylphenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl) ester (BAPTA-AM) (10 μM) (Sigma-Aldrich Co.) for 20 minutes and then stimulated with PMACI (50 μM Phorbol myristate acetate +1 μg/mL calcium ionophore A23187) (Sigma-Aldrich Co.). The concentration of PMACI was used in subsequent experiments. The level of the intracellular calcium was measured every 10 seconds at 440 nm (excitation at 360 nm) in a spectrofluorometer. Experiments were independently repeated in triplicate.
cytokines assay
The levels of TSLP and IL-1β were determined using a sandwich enzyme-linked immunosorbent assay method according to the manufacturer's instructions (R&D Systems Inc., Minneapolis, MN, USA; Pharmingen, San Diego, CA, USA).
rna preparation, reverse transcription, and quantitative real-time-Pcr analysis Total RNA from tissues and cells was extracted using Trizol reagent (Thermo Fisher Scientific). RNA was reversed transcribed into cDNAs using the Primer-Script™ one step reverse transcription-polymerase chain reaction (RT-PCR) kit (TaKaRa, Dalian, People's Republic of China). The cDNA template was amplified by real-time RT-PCR using the SYBR ® Premix Dimmer Eraser kit (TaKaRa). Gene expression in each sample was normalized to GADPH expression. The primer sequences used were as follows: for GADPH, 5′-TGGGGAAGGTGAAGGTCGG-3′ (forward) and 5′-CTGGAAGATGGTGATGGGA-3′ (reverse); TSLP, 5′-TATGAGTGGGACCAAAAGTACCG-3′ (forward) and 5′-GGGATTGAAGGTTAGGCTCTGG-3′ (reverse); and IL-1β, 5′-AAACAGATGAAGTGCTCCTT-3′ (forward) and 5′-TGGAGAACACCACTTGTTGC-3′ (reverse). The quantitative real time-PCR reaction was conducted under the following conditions: 95°C for 30 seconds, 40 cycles of 95°C for 5 seconds, and 60°C for 60 seconds. Real-time RT-PCR reactions were performed on the ABI7500 system (Thermo Fisher Scientific). The real-time PCRs were performed in triplicate. The relative expression fold change of messenger RNAs (mRNAs) was calculated by the 2 -ΔΔCt method.
cell viability assay
Cell proliferation assays were conducted using the MTT assay kits (R&D Systems Inc.) as described by the manufacturer. Briefly, HMC-1 cells were seeded into 96-well plates at a density of 1×10 4 cells/well. HMC-1 cells were pretreated with ANDRO for 2 hours and stimulated with PMACI for 8 hours. The cells were incubated in 0.1 mg/mL MTT solution at 37°C for 4 hours and lysed in dimethyl sulfoxide at room temperature for 10 minutes. The absorbance at 540 nm in 
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andrographolide suppressed the expression of TslP each well was measured by a microplate reader (Bio-Rad Laboratories Inc., Hercules, CA, USA).
caspase-1 activity
Caspase-1 activity was performed as described previously. 20 
Western blot analysis
For harvested cells, nuclear and cytosolic proteins were prepared using the NE-PER Nuclear and Cytoplasmic Fractions Kit (Thermo Fisher Scientific). Protein content was determined by Bradford assay. Equal amounts (30-50 μg) of proteins were applied to an 8%-12% SDSpolyacrylamide separating gel and transferred to a PVDF Immobilon-P membrane (Millipore, Billerica, MA, USA). The membrane was blocked with 5% skim milk in TrisBuffered Saline and Tween 20 and then probed with the indicated primary antibodies, with gentle shaking at 4°C overnight. Primary antibodies against NF-κB (p65), IκB (1:1,000), Rip2 (1:1,000), caspase-1 (1:700), and GADPH (1:3,000) (Abcam, Cambridge, UK) were used in this study. After washing the membranes three times, the immunoblots were incubated with the appropriated goat antirabbit IgG immunoglobulins-HRP secondary antibodies (Abcam) for 1 hour. Antibody-bound proteins were detected by BeyoECL Plus kit, Haimen, People's Republic of China.
Immunofluorescence staining
HMC-1 cells were grown on glass chamber slides for 24 hours and pretreated with ANDRO (50 μM) for 2 hours, followed by PMACI stimulation for 20 minutes. Cells were then fixed with 4% paraformaldehyde in PBS for 30 minutes. The cells were then permeabilized in 0.1% Triton X-100 (Sigma-Aldrich Co.) for 30 minutes and blocked with 0.5% bovine serum albumin (Sigma-Aldrich Co.) in PBS for 30 minutes at room temperature. After washing with PBS, the cells were incubated with anti-p65 antibody for 1 hour at room temperature. After being washed with phosphatebuffered saline with Tween 20, the cells were incubated with appropriate fluorescein isothiocyanate-conjugated secondary antibodies (Abcam) and then stained with 4′,6-diamidino-2-phenylindole (Hoffman-La Roche Ltd., Basel, Switzerland). Images were later observed using a fluorescence microscope (Eclipse Ti, Nikon Corporation, Tokyo, Japan).
Sensitization with DNFB and administration of anDrO BALB/c mice were obtained from animal laboratory center of Xinhua Hospital. All animal experiments were performed in the animal laboratory center of Xinhua Hospital and in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no 85-23, revised 1996). The study protocol was approved by the Animal Care and Use committee of Xinhua Hospital (approval ID: 2014012). All mice were housed in specific pathogen-free rodent facilities, on sterilized, ventilated racks and supplied with commercial chow and sterile water, both previously autoclaved. Mice were sacrificed by CO 2 inhalation.
The active sensitization procedure was performed as described previously. 20 Briefly, 100 μL 0.15% DNFB (SigmaAldrich Co.) dissolved in acetone was topically challenged to the shaved abdominal skins of mice on the first day. A week later, the shaved dorsal skins of mice were challenged with 100 μL 0.15% DNFB dissolved in acetone every 3 days until the 16th day. On the seventh day, ANDRO (50 mg/kg for oral, 30 mg/kg for local) or saline (control group) was administrated to DNFB-challenged mice on a daily basis until the end of the experiment. In the control group, the same volume of acetone was challenged to the shaved dorsal skin and saline was administrated. After anesthetization, dorsal skin samples were obtained 4 hours after the last DNFB challenge on the 16th day. The number of scratching behaviors was measured for 10 minutes, 4 hours after the last DNFB challenge.
histological analysis
Dorsal skin samples were embedded in paraffin, cut into 4 μm serial sections. After dewaxing and dehydration, sections were stained with hematoxylin and eosin (H&E) or toluidine blue to estimate epidermal inflammation (hypertrophy and infiltration by inflammatory cells) and mast cell counts, respectively. Epithelial thickness and the number of mast cells were determined under the inverted microscope.
statistical analysis
All statistical analyses were performed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA). The results shown are a summary of the data from at least three experiments and are presented as mean ± standard deviation. Statistical analysis of the results was performed with an independent t-test. P-values were two-sided and a value of less than 0.05 was considered to be statistically significant. shown to be a sufficient condition for the activation of mast cells and the production of a large number of cytokines. 21 The regulatory effect of ANDRO on the intracellular calcium level in the PMACI-activated HMC-1 cells was determined with a spectrofluorometer, and BAPTA-AM (a calcium chelator) was used as a positive control. The HMC-1 cells were pretreated with ANDRO (5, 25, 50 μM) or BAPTA-AM (10 μM) for 20 minutes and then activated with PMACI. The intracellular calcium level was measured every 10 seconds at 440 nm for 500 seconds. While PMACI increased the intracellular calcium level (in 0.5 mM EGTA containing media), ANDRO attenuated its effect in a dosedependent manner ( Figure 1B) . As TSLP was demonstrated to be upregulated by a high intracellular calcium level in 
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andrographolide suppressed the expression of TslP mast cells, we then examined the effects of ANDRO on the expression of TSLP. The HMC-1 cells were pretreated with ANDRO (5, 25, 50 μM) for 2 hours and then stimulated with PMACI. The ANDRO induced a significant reduction in TSLP production (P,0.05, Figure 1C ) and mRNA levels (P,0.05, Figure 1D ) from PMACI-activated HMC-1 cells in a dose-dependent manner. Furthermore, ANDRO exhibited no cytotoxic effects on HMC-1 cells at the above mentioned concentrations ( Figure 1E ).
anDrO inhibited the activation of the rip2/caspase-1/nF-κB pathway in PMaci-activated hMc-1 cells
We would like to explore the underlying molecular mechanism through which ANDRO exerted its suppressive effects on TSLP. Previous studies have shown that the activation of the Rip2/caspase-1/NF-κB pathway is essential for the upregulation of TSLP. 20, 22, 23 We examined the effects that ANDRO had on the Rip2/caspase-1/NF-κB pathway. As illustrated in Figure 2 anDrO inhibited the activation of rip2/caspase-1/nF-κB in PMaci-stimulated hMc-1 cells. Notes: (A) hMc-1 cells were pretreated with anDrO (5, 25, 50 μM) for 2 hours and stimulated with PMaci for 1 hour. relative protein expression levels of caspase-1 and rip2 were determined with Western blot analysis (n=3). The relative intensities to GADPH were quantified by densitometry. (B) The caspase-1 activity was determined with a caspase-1 assay kit. (C) hMc-1 cells were pretreated with anDrO (5, 25, 50 μM) for 2 hours and stimulated with PMaci for 2 hours. relative protein expression levels of nF-κB and iκB were determined with Western blot analysis (n=3). Data represent the mean ± standard deviation from three independent experiments. # P,0.05, significantly different from unstimulated cells. *P,0.05, significantly different from PMACI-stimulated cells. Abbreviations: anDrO, andrographolide; rip2, receptor-interacting protein 2; PMaci, phorbol myristate acetate/calcium ionophore a23187; hMc-1, human mast cell line 1; ne, nuclear extract; ce, cytoplasmic extract. Figure 2A , ANDRO markedly attenuated the increase in the protein levels of Rip2 and caspase-1 induced by PMACI in a dose-dependent manner. In addition, ANDRO markedly inhibited the caspase-1 enzymatic activity ( Figure 2B ). In an inactivated state, NF-κB p65 is localized in the cytosol where it is combined with its inhibitor IκB. Upon phosphorylation, IκB is ubiquitinated and rapidly degraded, while activated NF-κB p65 is translocated into the nucleus and acts as a transcriptional factor. 23 As shown in Figure 2C , while PMACI induced a significant increase in the content of nuclear p65 protein, ANDRO inhibited the increase in a dose-dependent manner. Such an effect of ANDRO was confirmed with the immunofluorescence analysis ( Figure 3A) . As illustrated in Figure 2C , PMACI-induced IκB degradation was markedly 
787
andrographolide suppressed the expression of TslP blocked by pretreatment with ANDRO. As caspase-1 mainly serves to cleave IL-1β from their inactive precursors to active forms, and NF-κB is a potent transcriptional factor of IL-1β, 24 we studied whether ANDRO would have an inhibitory effect on the expression of IL-1β. As shown in Figure 3B and C, ANDRO markedly ameliorated the increase in the production and mRNA levels of IL-1β in PMACI-activated HMC-1 cells. These data suggest that ANDRO could inhibit PMACIinduced activation of the Rip2/caspase-1/NF-κB signaling pathway in HMC-1 cells.
anDrO, both orally and locally administrated, ameliorates clinical symptoms in DnFB-induced aD mice model
We then explored the regulatory effects of ANDRO on AD in vivo. Repeated skin exposure to haptens, such as DNFB, causes AD-like skin lesions in mice. 20, 22 The TSLP expression levels in skin lesions of DNFB-induced AD-like mice were reported to be elevated. 20, 22 The noticeable AD-associated clinical symptoms such as erythema, excoriation, dryness, and erosion were present in DNFB-induced AD-like skin lesions; however, ANDRO, both orally and locally administrated, greatly ameliorates these symptoms in AD-like skin lesions ( Figures 4A and 5A) . Furthermore, ANDRO significantly relieved scratching behavior induced by DNFB ( Figures 4B  and 5B) . We examined the thickness of the epidermis and the infiltration of inflammatory cells in skin samples from the DNFB-challenged mice, with H&E staining analysis. We also examined the infiltration of mast cells with toluidine blue staining analysis. As illustrated in Figures 4C and D and  5C and D, the epidermis thickness and the number of mast cells were greatly decreased in skin lesions from ANDROadministrated mice, compared to that of the control group.
anDrO decreased the expression level of TslP in skin lesions from DnFBinduced aD-like mice Following this process, we examined the effects of ANDRO on TSLP expression levels in skin lesions from DNFBinduced AD-like mice. Our results revealed that ANDRO greatly suppressed the upregulation of TSLP at both mRNA and protein levels in skin lesions induced by DNFB ( Figures 4E and F and 5E and F) .
Discussion
AD is one of the most common inflammatory cutaneous diseases. Although topical emollients, steroids, and oral antihistaminic or antiallergic agents were considered to be the first-line therapy for AD patients, their long-term use could induce a variety of adverse effects. 25 Thus, in the search for potential new drugs for treating AD without noticeable adverse effects, traditional Chinese medicine has manifested itself with high efficacy and lower risk of adverse effects. [26] [27] [28] In the present study, we revealed that ANDRO has therapeutic effects on AD both in vitro and in vivo. We found that ANDRO suppressed the expression of caspase-1 and Rip2 as well as caspase-1 enzymatic activity in PMACI-activated HMC-1 cells. ANDRO also inhibited the translocation of NF-κB p65 into the nucleus and degradation of IκB induced by PMACI activation. Our study suggests that ANDRO might have a therapeutic effect on AD by downregulating TSLP via blocking the caspase-1/Rip2/NF-κB pathway. What is more, ANDRO, via oral and local administration, both markedly suppressed the inflammatory response induced by DNFB in vivo, as demonstrated by a decrease in the epidermis thickness and the number of inflammatory cells. ANDRO also suppressed the expression of TSLP in skin lesions induced by DNFB.
TSLP was demonstrated to play an important role in the pathogenesis of AD mainly through triggering dendritic cellmediated Th2 inflammatory responses. 5 Moreover, the TSLP is produced mainly by mast cells, keratinocytes, and epithelial cells. [29] [30] [31] Human skin mast cells play an essential role in the pathogenesis of AD. 32 In this study, we focused on the TSLP produced by mast cells. An increase in the intracellular calcium level has been shown to be important for the activation of mast cells and production of a large number of cytokines, such as TSLP. 21 The level of TSLP was increased in stimulated HMC-1 cells. 19, 33 Furthermore, TSLP was markedly reduced in mast celldeficient mice. 34 Thus, we firstly examined whether ANDRO would attenuate the increase in the intracellular calcium level in activated HMC-1 cells. As expected, ANDRO pretreatment decreased the intracellular calcium level in PMACI-activated HMC-1 cells. In addition, ANDRO suppressed TSLP at both mRNA and protein levels in PMACI-activated HMC-1 cells.
To explore the underlying mechanism of the therapeutic effect of ANDRO on AD, we focused on the Rip2/caspase-1/ NF-κB pathway, the activation of which has been proven to be essential for the expression of TSLP. 13, 22 The inflammasome is a key regulator of pathogen recognition and inflammation. 35 Inflammasomes are multiple protein complexes that serve as molecular platforms to activate caspase-1 and regulate maturation of a potent pro-inflammatory cytokine, IL-1β. 36 Multiple key proteins of inflammasomes contain caspase recruitment domains. 37 Quite unlike the role that most caspases play in apoptosis, caspase-1 is responsible for activating the inactivate precursor of IL-1β. 11 The NF-κB signaling pathway activated by caspase-1 contributes to the production of various inflammatory cytokines, including TSLP. 13 Caspase-1 transgenic mice, the mice that have an enhanced expression of caspase-1, are highly susceptible to haptens and can spontaneously develop recalcitrant dermatitis and skin ulcers. 38, 39 All these data suggest that caspase-1 is an important element in the pathogenesis of AD. Rip2 is an adaptor protein of several adaptors that compromise the inflammasome. 12, 40 Rip2 caspase recruitment domains interact with other caspase recruitment domain-containing proteins such as caspase-1 and lead to the activation of the NF-κB pathway. 12, 41 Macrophages from Rip2-deficient mice treated with lipopolysaccharide have decreased activation of NF-κB. 42 Together, Rip2/caspase-1 pathway is important in the activation of NF-κB.
This study showed that ANDRO suppressed the level of TSLP by inhibiting the caspase-1/Rip2/NF-κB pathway. These results suggest that ANDRO might be a potential therapeutic agent for AD.
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